ABSTRACT-A new genus and species of pycnodontiform fishes, Grimmenodon aureum, from marginal marine, marinebrackish lower Toarcian (Harpoceras exaratum ammonite subzone) clay deposits of Grimmen in northeastern Germany is described. The single specimen represents a diagnostic left prearticular dentition characterized by unique tooth arrangement and ornamentation patterns. Grimmenodon aureum, gen. et sp. nov., is the second unambiguously identified pycnodontiform species from the Early Jurassic, in addition to Eomesodon liassicus from the early Lower Jurassic of western Europe. We also report an indeterminate pycnodontiform tooth crown from the upper Pliensbachian (Pleuroceras apyrenum ammonite subzone) of the same site. The material expands the Early Jurassic range of pycnodontiforms significantly northwards and confirms their presence before and immediately following the onset of the Toarcian Oceanic Anoxic Event (T-OAE) in the marginal marine ecosystems south of the Fennoscandian Shield. Moreover, the new records indicate that the Early Jurassic diversity of pycnodontiform fishes was greater than previously assumed and probably equaled that of the Late Triassic. Therefore, it is hypothesized that the Triassic-Jurassic mass extinction event did not affect pycnodontiform fishes significantly. Micro-computed tomography was used to study the internal anatomy of the prearticular of Grimmenodon aureum, gen. et sp. nov. Our results show that no replacement teeth were formed within the tooth-bearing bone but rather were added posteriorly to functional teeth.
INTRODUCTION
Extinct pycnodontiform fishes (the 'pycnodonts'), which are a morphologically and ecologically distinctive group of basal neopterygians (Nursall, 1996b (Nursall, , 1999 (Nursall, , 2010 Arratia, 1999; Poyato-Ariza, 2015) are characterized inter alia by a very specific heterodontous dentition consisting of chisel or styliform grasping teeth on the paired premaxillae and dentalosplenials and, generally, densely arranged molariform teeth on the unpaired vomer in the upper jaw and the paired prearticulars in the lower jaw. The maxillae are edentulous. Vomerine and prearticular teeth form an effective crushing dentition, indicating durophagous feeding habits in a wide range of pycnodontiforms (Kriwet, 2001a) . The robust dentate jaw elements and isolated teeth are the most common remains of pycnodontiforms in the fossil record, occurring nearly worldwide in most marine and even brackish water-to freshwater-influenced deposits of Mesozoic and Palaeogene ages (e.g., Longbottom, 1984; Poyato-Ariza et al., 1998; Kriwet, 1999; Poyato-Ariza and Berm udez-Rochas, 2009; Mart ın-Abad and Poyato-Ariza, 2013) . Disarticulated or articulated skeletons, conversely, are comparably rare. So far, ca. 700 species have been described, belonging to more than 45 genera (Kriwet, 2001c (Kriwet, , 2005 ; only about 80 species are known from disarticulated or articulated skeletons. All remaining species are based on isolated dentitions or even teeth.
Teeth and jaws are important functional structures but also offer significant taxonomic and evolutionary features for characterizing fishes (e.g., Fink, 1981; Lauder and Liem, 1983; Casciotta and Arratia, 1993) . Nevertheless, controversial issues concerning the formation of dentitions and the taxonomic importance of tooth morphologies and arrangements in pycnodontiform fishes still prevail and detailed dental information often is omitted from species or genus diagnoses in more recent studies (e.g., Thurmond, 1974; Nursall, 1996; Poyato-Ariza and Wenz, 2005; Ebert, 2016) . Therefore, knowledge of pycnodontiform tooth structures and dentitions is strongly biased towards those found isolated rather than those preserved in articulated skeletons. Additionally, Poyato-Ariza (2003) argued that pycnodontiform dentitions do not present useful character sets for phylogenetic analyses. The validity of many taxa consequently remains ambiguous. Nevertheless, Longbottom (1984) , Kriwet (1999 Kriwet ( , 2005 Kriwet ( , 2008 , Berm udez-Rochas (2009), and Shimada et al. (2010) , among others, demonstrated that the morphology and arrangement of teeth on the vomer and prearticulars in pycnodontiform fishes provide unique combinations of characters and even allow identifying autapomorphic traits for taxon assignment and establishing reliable diagnoses. The importance of recognized autapomorphic characters in phylogenetic analyses, however, needs to be tested.
The oldest remains of pycnodontiform fishes, which comprise both complete skeletons and isolated dentitions, are known from Norian (Late Triassic) marine deposits of the northern Tethys margin (what is now northern Italy and Austria) (Gorjanovi c-Kramberger, 1905; Tintori, 1981) and from epicontinental sea deposits of Belgium and Luxembourg (Delsate and Kriwet, 2004) . They persisted into the middle Eocene when they supposedly were replaced by spiny teleosts (Friedman, 2010; Goatley et al., 2010) . During the Late Jurassic, pycnodontiform fishes seemingly rapidly diversified, reaching their highest taxonomic diversity and morphological disparity in the Late Cretaceous (Kriwet, 2001b; Poyato-Ariza and Mart ın-Abad, 2013; Marram a et al., 2016) . The Early and Middle Jurassic fossil record of pycnodontiforms in the aftermath of the Triassic-Jurassic mass extinction event, conversely, is extremely scarce. So far, a single species and at least 12 nominal species have been described from the Early and Middle Jurassic, respectively (see also below). Most of these species are represented by isolated vomerine and prearticular dentitions only, rendering their identification difficult. Consequently, most of the Middle Jurassic pycnodontiform species are dubious and in need of revision.
Here, we present new dental remains of pycnodontiforms from the Early Jurassic of Europe, including a new genus and species that provides evidence that the taxonomic diversity, and probably morphological disparity, of pycnodontiform fishes after the Triassic-Jurassic extinction event was greater than previously assumed.
Institutional Abbreviations-GG, Institute of Geography and Geology, University of Greifswald, Germany; MV, Geologische Landessammlung Sternberg, Geologischer Dienst, Landesamt f€ ur Umwelt, Naturschutz und Geologie Mecklenburg-Vorpommern, Greifswald, Mecklenburg-Vorpommern, Germany.
GEOLOGICAL AND STRATIGRAPHIC SETTING
Although laterally persistent in northeastern Germany, outcrops of Mesozoic strata are rare (e.g., Katzung, 2004) . Early Jurassic strata only crop out in the abandoned open-cast clay pits of Grimmen and Dobbertin (Fig. 1A) , both representing parautochthonous successions of upper Pliensbachian to lower FIGURE 1. A, geographical location map. B, stratigraphic standard section of the late Early Jurassic succession exposed in the Grimmen clay pit (wavy line indicates hiatus at the Pliensbachian-Toarcian transition), with stratigraphic position of Grimmenodon aureum, gen. et sp. nov., GG 437, holotype, and Pycnodontiformes, gen. et sp. indet., MV 202615. C, rough reconstruction of Toarcian paleogeography of central and western Europe (modified from Stumpf, 2016) .
Toarcian marine sediments that were glacially dislocated during Pleistocene ice advances (see Ernst, 1967 Ernst, , 1991 Ernst, , 1992 Ansorge and Obst, 2015; Ansorge and Grimmberger, 2016) .
The fossil fish material that forms the focus of the present study encompasses two pycnodontiform specimens, GG 437 and MV 202615, that were recovered from upper Pliensbachian and lower Toarcian strata, respectively, of the Grimmen clay pit (Fig. 1B) .
Paleogeographically, the late Early Jurassic succession exposed in the Grimmen clay pit was deposited at the northeastern edge of the North German Basin (NGB), which was one of the many sub-basins that covered large areas of central and western Europe during Early Jurassic times (Fig. 1C) , referred to as the Central European Epicontinental Basin (CEB) (R€ ohl and Schmid-R€ ohl, 2005) . The litho-and biostratigraphy of the exposed succession have been described in detail by Ernst (1967 Ernst ( , 1991 , Prauss (1996) , and Ansorge (2007) . The upper Pliensbachian interval of Grimmen is represented by unlithified fine-grained sand containing thin beds of silt, and subordinate lenticular streaks of clay, as well as laterally limited fine-to coarse-grained, bioclastic-rich sand bodies, which are indicative of local accumulations generated by current activity, suggesting a shallow-marine deltaic depositional environment (Ernst, 1967 (Ernst, , 1991 Ernst in Gr€ undel, 1999) . Pyrite and carbonate concretions, less commonly siderite concretions, are present. The fauna is rich in marine invertebrates, comprising ammonites, bivalves, gastropods, brachiopods, scaphopods, echinoderms, ostracods, and foraminifers (Ernst, 1967 (Ernst, , 1991 Herrig, 1969a Herrig, , 1969b Kutscher, 1988; Gr€ undel, 1999; Buchholz, 2012) . These beds also yielded a diverse vertebrate fauna, including isolated actinopterygian and chondrichthyan remains (Buchholz, 2012; this paper) .
Biostratigraphically, the sandy interval has been correlated with the apyrenum subzone (lower spinatum zone) based on ammonite evidence (Ernst, 1991; Buchholz, 2012) . The Pliensbachian-Toarcian transition is omitted due to a hiatus, probably caused by erosion and non-deposition (see R€ ohl and Schmid-R€ ohl, 2005) . Therefore, the uppermost spinatum zone (hawskerense subzone) and probably much of the lower Toarcian tenuiscostatum zone (paltum to clevelandicum subzone) are absent (Ernst, 1991) . The lower Toarcian interval shows a retrogradational stratal pattern, consisting of fine-grained sands that pass upwards into black bituminous, laminated silty clays referred to the latest tenuiscostatum zone (semicelatum subzone), and pure clays containing fossiliferous concretions, used to date the clay deposits to the lower falciferum zone (elegantulum to exaratum subzone). The clay interval is assigned to the traditionally called 'Green Series', which reaches thicknesses of several tens of meters in northeastern Germany (Schumacher and Sonntag, 1964; Stoermer and Wienholz, 1965; Lehmkuhl, 1970) , and markedly differs from the time-equivalent black bituminous shales and marlstones known from more basinal sections of the CEB (e.g., Jenkyns, 1988; de Graciansky et al., 1998; R€ ohl and Schmid-R€ ohl, 2005) .
Clay deposits referred to the 'Green Series' crop also out in the abandoned Dobbertin clay pit. However, unlike those exposed at Grimmen, these clay deposits can solely be dated to the falciferum zone on the basis of current data (Ansorge, 2003; Ansorge and Obst, 2015) . Given the tectonic disturbances that took place during glacial dislocation, the original thicknesses of the 'Green Series' clay deposits of both Grimmen and Dobbertin cannot be firmly determined.
Fossils originating from the lower Toarcian 'Green Series' are usually contained in syngenetic and early diagenetic carbonate concretions that occur interbedded within the clay. Based on the presence of a rich but taxonomically impoverished ammonite fauna and the scarcity of typical stenohaline invertebrates, marine-brackish water conditions have been inferred for the time of deposition of the 'Green Series' (Ernst, 1991; Ansorge, 2003 Ansorge, , 2007 . Reduced salinity conditions also are confirmed by occurrences of conchostracans (Ansorge, 2003; S.S., pers. observ.) . The fauna mainly comprises actinopterygians (e.g., Jaekel, 1929; Malzahn, 1963; Thies, 1989; Ansorge, 2007; Ansorge and Obst, 2015; Konwert and Stumpf, 2017; Maxwell and Stumpf, 2017) , followed by marine reptiles (Maisch and Ansorge, 2004; Stumpf, 2016) and rare chondrichthyans (Ansorge, 2007) . These faunal elements occur alongside an extraordinarily rich terrestrial entomofauna (Ansorge, 1996 (Ansorge, , 2003 , indicating the presence of suitable environments nearby. The 'Green Series' of Grimmen has also yielded abundant plant and wood remains, as well as the first Early Jurassic spider and basal sauropod dinosaur remains (Ernst, 1967; Selden and Dunlop, 2014; Stumpf et al., 2015) that were washed into the transepicontinental shelf sea, suggesting a nearshore depositional environment, as proposed by Ernst (1967 Ernst ( , 1991 and Ansorge (2003) .
Significantly, the boundary between the tenuicostatum and falciferum zones coincides with the height of the Toarcian Oceanic Anoxic Event (T-OAE), which is considered to be one of the most dramatic environmental disruptions that took place during the Mesozoic and massively impacted marine biota (e.g., Little and Benton, 1995; Caswell et al., 2009; Dera et al., 2010; Caswell and Coe, 2014) . The 'Green Series' therefore documents a marine ecosystem immediately following the onset of the T-OAE.
MATERIALS AND METHODS
The pycnodontiform prearticular jaw bone, GG 437, described herein was initially found embedded in a carbonate concretion recovered from the lower Toarcian 'Green Series' clay deposits by one of us (J.A.) in 2005, who subsequently extracted the specimen from the surrounding matrix using diluted acetic acid. The specimen is preserved in three dimensions, and it is coated with pyrite in many places, lending it a somewhat gilded appearance. The second specimen, MV 202615, an isolated pycnodontiform tooth crown, was recovered by private collectors, Bernd R€ ober and Hannes L€ oser, from a temporary upper Pliensbachian bioclastic-rich coarse-grained sand body accessible during the late years of active clay mining at the Grimmen site, which started in 1959-1960 and ended in 1995 . The exact year of discovery is unknown.
Digital photographs were obtained using a digital compact camera (Nikon Coolpix 4500) and digital microscopes (Zeiss AxioCam HR3 housed at the GG; Keyence VHX-1000D housed at the Department of Palaeontology, University of Vienna). For descriptive proposes, various measurements were taken from GG 437, and statistical parameters were calculated using PAST 3.12 (Hammer et al., 2001) . In addition, GG 437 was scanned with a desktop micro-computed tomography (micro-CT) device (Bruker/Skyscan 1173 housed at the Department of Palaeontology, University of Vienna). With an image pixel size of 7.13 mm and an X-ray beam set at 50 kV, 160 mA, the average of three frames were taken under the rotation step of 2 . Following the description of the new taxon, we provide a review of the Early and Middle Jurassic fossil record of pycnodontiforms and finally compare the standing diversity with that of the Late Triassic.
Terminology-The morphological terminology used in the text follows that of Nursall (1996b Nursall ( , 1999 . Consequently, we use the term 'coronoid process' here, although this structure cannot be considered homologous to the coronoid process in non-pycnodontiform neopterygians, where it is formed by the dentary, the surangular, and/or the angular. SYSTEMATIC PALEONTOLOGY OSTEICHTHYES Huxley, 1880 ACTINOPTERYGII Cope, 1887 NEOPTERYGII Regan, 1923 PYCNODONTIFORMES Berg, 1937 GRIMMENODON, gen. nov.
Type Species-Grimmenodon aureum, sp. nov. Diagnosis-Pycnodontiform fish showing the following unique combination of morphological characters: Prearticular with rather short and narrow symphysis; coronoid process rather low in dorsoventral directions; tooth plate forming a prominent posterior process; teeth oval to subcircular in occlusal outline, closely arranged in five well-defined longitudinal rows without intercalating teeth; main row flanked medially by one tooth row and laterally by three tooth rows; teeth of medial row obliquely oriented, tooth crowns with a single wrinkled wall surrounding a shallow apical furrow; teeth of main row well-defined and elevated, exhibiting a shallow and transversally directed apical furrow surrounded by a broad wrinkled wall and additional tubercles along the anterior margins; average width/length ratio of main teeth 1.58; first lateral row short and restricted to the anterior half of the tooth plate; second lateral row occupies twothirds of the tooth plate length; teeth of the first and second lateral rows ornamented by coarse, irregularly arranged tubercles that surround a rounded and deep central apical indent; teeth of the third lateral row with shallow and transversally directed apical indent bordered by an elevated and regularly tuberculated wall.
Etymology-The name is derived from the name of the type locality, Grimmen, and the Greek noun odonti (dόnti), meaning tooth. Holotype-GG 437, left prearticular bone with dentition. Locality and Horizon-Abandoned open-cast clay pit of Grimmen (Mecklenburg-Western Pomerania, Germany); Harpoceras exaratum subzone (Harpoceras falciferum zone, lower Toarcian, Early Jurassic) (see Ansorge, 2007) .
Diagnosis-As for genus (by monotypy).
Etymology-From Latin, golden, and refers to the somewhat golden appearance of the teeth caused by spatial pyrite coatings.
DESCRIPTION
Grimmenodon aureum, gen. et sp. nov., is represented by an almost complete left prearticular with preserved teeth; only the anterior-most portion is missing. The prearticular measures 10.67 mm in total length and 8.92 mm in width (maximum distance measured between the coronoid process and the medial border). The symphysis is rather narrow and extends posteriorly as far as the middle of the tooth plate, exhibiting a slightly rugose surface texture, probably for the attachment of interconnective tissue (see Kriwet, 2004) (Fig. 2A ). More posteriorly, the symphysis continues into a faint bony wall that demarcates part of the posteromedial margin of the bone. The coronoid process is rather low in dorsoventral height, with a slightly convex dorsal margin that meets the posterior margin at a curved angle (Fig. 2B ). The coronoid process exhibits weakly developed ridges oriented parallel to the longitudinal axis of the tooth plate, probably for the insertion of part of the musculus adductor mandibulae (see Kriwet, 2001c) . The base of the coronoid process extends posterolaterally beyond the tooth plate to form an elevated and anteroposteriorly elongated ridge in ventral view ( Fig. 2A, C) , which is consistent with Nursall's (1996b) 'coronoid ridge.' Posteriorly, the prearticular forms a distinct process, which is slightly incurved medially.
The prearticular dentition consists of molariform teeth closely arranged in five longitudinal rows without intercalating teeth ( Fig. 2A) . The teeth are strongly ornamented in occlusal view, lacking any signs of abrasion. The main row, as preserved, is elevated and comprises nine transversally elongated teeth decreasing in size anteriorly. They form a somewhat curved line in occlusal view. The spaces between adjacent teeth slightly decrease anteriorly. The main teeth are larger than any of those positioned in the medial or the lateral tooth rows, with an average width/length ratio of 1.58 (see Table 1 ). They are oval in occlusal outline and exhibit a transversally wide apical furrow that follows the outer contour of the crown. A broad and more or less regularly wrinkled wall surrounds the apical furrow. The radiating ridges on the surrounding wall are more strongly developed along the anterior margin, and occasionally irregularly arranged tubercles also are present along the anterior margin ( Fig. 2A, D) . The posterior-most tooth preserved in the main row is less elevated than the other ones aligned in the corresponding row, and its crown is partially enclosed by cancellous bone formed by the tooth plate ( Fig. 2A, D, E) .
The main tooth row is flanked medially by one and laterally by three tooth rows. The medial row, as preserved, includes three oval and obliquely positioned teeth; the intermediate one is incomplete, lacking its crown. Medial teeth are arranged alternating with the teeth of the main row, appearing almost inserted into the gaps between the main teeth. They exhibit an apical indent that is surrounded by a wrinkled wall. Posterior to the medial row, the prearticular forms a deep furrow, exposing cancellous bone. The furrow is medially demarcated by the bony lamella that extends posteriorly from the symphysis part of the posteromedial margin of the bone.
The first lateral row is restricted to the anterior portion of the dentition and includes at least five teeth ( Fig. 2A) . They are low (not as elevated as the main teeth) and have a suboval occlusal outline, with an average width/length ratio of 1.13. The three anterior-most teeth are arranged with their main axes perpendicular to the long axis of the prearticular bone, whereas those of the posterior ones are oriented parallel to its long axis. The tooth crowns display generally the same occlusal surface ornamentation, exhibiting a round apical indent that is surrounded by a broad and strongly irregularly tuberculated wall.
The second lateral row includes eight teeth and extends anteriorly as far as two-thirds of the tooth plate length (Fig. 2A) . The teeth are also low compared with those of the main row and have an oval contour in occlusal view; the average width/length ratio is 1.21. The first three teeth are oriented with their main axes parallel to the long axis of the prearticular, unlike the remaining ones of the second lateral row, which are arranged perpendicular to the prearticular long axis. The teeth are ornamented by coarse and irregularly arranged tubercles that surround a rounded to suboval central apical indent. The two anterior-most teeth are slightly placed in the spaces between the teeth of the first lateral row.
The third lateral row consists of eight teeth, which display a transversally oval contour in occlusal view; at least two further teeth are missing due to breakage ( Fig. 2A) . The teeth are larger and more widely spaced, as compared with those arranged in the first and second lateral rows. Their average width/length ratio is 1.22, similar to that of teeth of the second lateral row. The occlusal surface, however, more closely resembles that of the main teeth, showing a more or less regularly wrinkled wall that surrounds a transversally wide apical furrow. The radiating ridges arranged along this margin are formed by two to three small tubercles. The lateral edges of the teeth slightly overhang the dorsolateral margin of the prearticular (Fig. 2B) .
The teeth are mounted on pedicles, which are clearly visible in lateral view, and numerous minute foramina are irregularly aligned along the dorsolateral surface of the prearticular (Fig. 2C) . Internally, the tooth-bearing bone exhibits an irregularly spongy texture (Fig. 3) , similar to the condition seen in a sectioned prearticular of Gyrodus cuvieri Agassiz, 1844, figured by Nursall (1996b: fig. 8 ; see also Kriwet, 2005: fig. 23 ). However, the micro-CT transverse slice shows spatial differences in the development of the internal spongy bone, in particular in the symphyseal region, where the irregularly arranged spongy bone is more strongly developed and even more densely packed, which is probably accompanied by enhanced jaw adductor forces (see Kriwet, 2001c Kriwet, , 2004 . In addition, the coronoid process and the posteromedially extending bony wall show a slightly more regularly arranged spongy bone texture, giving a somewhat fibrolamellar appearance to it (Fig. 3E-H) .
The minute foramina aligned along the dorsal margin of the lateral surface below the third lateral tooth row of the tooth-bearing bone communicate via short bony tubes with internal spaces in between the spongy bone, as visible in the digitally reconstructed micro-CT transverse sections of the prearticular (Fig. 3C, D) . However, it should be noted that the spaces within the posterior portion of the prearticular are partially filled with matrix, which has a density that is slightly less than the surrounding bone tissue ( Fig. 3E-H) . Occasionally, these matrix-filled areas are enriched in an indeterminate material of high density (Fig. 3G, H ) similar to the pyrite that covers parts of the occlusal surface of the bone (Fig. 3C, D) .
The pulp cavities of the teeth aligned in the main row are larger and deeper than those of the medial and lateral teeth (Fig. 3) . The pulp cavities are free of bone tissue, and there is no indication of developing tooth germs or non-functional teeth inside the tooth-bearing bone adjacent to or below erupted teeth. Distinction between circumpular dentine, pallial dentine, and acrodin cap (see Kriwet, 2005) was not possible based on the micro-CT scan.
COMPARISON AND DISCUSSION
So far, only a single Early Jurassic pycnodontiform species, Eomesodon liassicus (Egerton, 1855) from the Sinemurian of Barrow-on-Soar, Leicestershire, England (Egerton, 1855; Gardiner, 1960) , has been described. The material consists of three poorly preserved articulated specimens. Unfortunately, the prearticular dentition of Eomesodon liassicus is insufficiently known to determine the total number of tooth rows, thus preventing detailed comparisons with Grimmenodon aureum, gen. et sp. nov. The holotype specimen of Eomesodon liassicus, however, exhibits a displaced molariform tooth crown showing an oval occlusal contour with a ring of widely spaced tubercles that encloses a shallow apical furrow (Egerton 1855:pl. 10, fig. 4 ), which is characteristic for teeth of Eomesodon (J.K., pers. observ.). This readily differentiates dentitions and teeth of Eomesodon from Grimmenodon aureum, gen. et sp. nov. Additional material referred to Eomesodon liassicus was reported from the Hettangian of France and Belgium, incorporating teeth and dentitions (Saint-Seine, 1949; Delsate et al., 2002) . Duffin (2010:pl. 78, fig. 5 ) pictured a polished coprolite from the lower Early Jurassic of the Dorset Coast, England, containing inclusions of bony remains, including an incomplete, coronally broached pycnodontiform dentition that displays two rows of widely spaced and regularly rounded teeth (see also Buckland, 1829:pl. 30, figs. 2, 3a) , which were previously interpreted by Buckland (1829) as suckers of a squid. Sauvage (1878) introduced the species Gyrodus fabrei based on a single left prearticular recovered from Early Jurassic (probably Toarcian; Priem, 1908) strata near Nancy, Meurthe-etMoselle, France. This taxon is, however, considered invalid by Kriwet (2001a) fig. 3 ) line drawing of "Eomesodon sp." is adapted from that of Stemmatodus rhombus (Agassiz, 1844) provided by Poyato-Ariza and Wenz (2002: fig. 12 ).
The oldest Middle Jurassic pycnodontiform record is represented by a single partially preserved skeleton recovered from the Bajocian Middle Oolite Series of Scotland described as Gyrodus goweri by Grey-Egerton (1869). This species is considered as invalid by Kriwet and Schmitz (2005) , because the material does not provide sufficient morphological traits to unambiguously assign it to a species and subsequently was referred to as Gyrodus sp. Unlike in Grimmenodon aureum, gen. et sp. nov., teeth of Gyrodus, when unworn, exhibit two crenulated apical rings with a central tubercle, and a medial or lateral apex on the inner ring (Thies, 1985; Kriwet, 2000; Kriwet and Schmitz, 2005) . Moreover, Gyrodus can be clearly differentiated from the new taxon based on the presence of four prearticular tooth rows (Poyato-Ariza and Wenz, 2002) .
A rather diverse pycnodontiform ichthyofauna was reported from the Bathonian Great Oolite Group of England, incorporating isolated dentitions of Eomesodon rugulosus (Agassiz, 1844), E. trigonus (Buckland, 1837) , Macromesodon bucklandi (Agassiz, 1844), M. discoides (Agassiz, 1844), M. oblongus (Agassiz, 1844) , M. tenuidens (Woodward, 1890) , and Proscinetes biserialis (Agassiz, 1844) (Woodward, 1890 (Woodward, , 1892 (Woodward, , 1895 . In addition, isolated dentitions attributed to different species of Macromesodon also were reported from the Bathonian of France, including M. bathonicus (Sauvage, 1880b), M. boloniensis (Sauvage, 1867), M. discoides, M. gervaisi (Sauvage, 1867) , and M. radiatus (Agassiz, 1844) (Sauvage, 1867 (Sauvage, , 1880a (Sauvage, , 1880b . Furthermore, pycnodontiform teeth of Bathonian age were described from France (Kriwet et al., 1997) and Italy (Bassani, 1885) . The taxonomy of Bathonian pycnodontiforms, however, is very poorly understood. For instance, as widely accepted, the genus Macromesodon comprises an unnatural grouping of unrelated taxa (Kriwet, 2001a; Wenz, 2002, 2004) . Subsequently, Poyato-Ariza and Wenz (2004) restricted Macromesodon to the Late Jurassic species M. macropterus (Agassiz, 1834), M. gibbosus (Wagner, 1851) , and M. surgens (Poyato-Ariza and Wenz, 2002) and erected the genus Turbomesodon for some Late Jurassic pycnodontiforms previously included in Macromesodon. According to the generic diagnoses provided by these authors, the prearticular dentition of both Macromesodon and Turbomesodon comprises three tooth rows, a feature readily separating these taxa from Grimmenodon aureum, gen. et sp. nov., in which the prearticular teeth are arranged in five rows. Conversely, Proscinetes biserialis, which is known from a single left prearticular recovered from the Great Oolite of Oxfordshire, has four rows (Woodward, 1890:pl. 3, fig. 28 ).
The prearticular dentitions of nominal species assigned to Eomesodon and Macromesodon are considered to be similar by Woodward (1895) , exhibiting one main row, one or two medial rows, and at least three lateral rows. Among the Bathonian species, the arrangement of prearticular teeth in five longitudinal rows is present in Eomesodon rugulosus and Macromesodon bucklandi (Woodward, 1890 (Woodward, , 1895 . Remains referred to these species occur most frequently in strata of the English Great Oolite Group (see Woodward, 1895) . Six tooth rows are present in Macromesodon tenuidens (Woodward, 1890:pl. 3, fig. 23) , a rare taxon known from a single right prearticular recovered from the middle Bathonian Taynton Limestone Formation of Abbreviations: aMxWT/MxLT, average of relative length proportions; LR1, first lateral tooth row; LR2, second lateral tooth row; LR3, third lateral tooth row; MdR, medial tooth row; MR, main tooth row; MxLT(R), maximum length of teeth and variation of measurements (refers to the shortest length available) and variation of measurements; MxWT(R), maximum width of teeth (refers to the greatest length available, regardless of tooth orientation) and variation of measurements (as indicated by '(R)'); NTM, number of complete teeth preserved in tooth row.
FIGURE 3. Grimmenodon aureum, gen. et sp. nov., GG 437, holotype, from the lower Toarcian of Grimmen, Mecklenburg-Western Pomerania, Germany. A-H, digitally reconstructed 2D and 3D transverse slices from micro-CT scan (the positions of the transverse section planes are shown in Fig. 2A ; B, D, F, and H are presented as red-cyan stereo anaglyphs, use red-cyan glasses to view). Dashed lines indicate boundary of pulp cavities. Abbreviations: cor.pr, coronoid process; for, foramen; p.cav, pulp cavity; sp.b, spongy bone; sym, symphysis; t.r, tooth root.
Stonesfield, Oxfordshire, England, as well as in Macromesodon gervaisi (Sauvage, 1867:pl. 2, fig. 4 ; 1880a:pl. 14, fig. 2 ) and Macromesodon boloniensis (Sauvage, 1867:pl. 2, figs. 2, 5) from the Bathonian of Boulogne-sur-Mer, Pas-de-Calais, France. These taxa vary in the arrangement and occlusal contour of the teeth. Macromesodon bathonicus, which is known from a single partially preserved left prearticular described by Sauvage (1880b:pl. 19 , fig. 1 ), is too incomplete to ascertain whether it represents a distinct species. Macromesodon oblongus and M. discoides are only known by their vomerine dentitions. Their teeth, however, markedly differ from those of Grimmenodon aureum, gen. et sp. nov.: e.g., regularly rounded and irregularly arranged in M. discoides (Woodward, 1890:pl. 3 , fig. 32 ), and oval but oriented with their main axes parallel to the long axis of the corresponding bone in M. oblongus (Agassiz, 1844:pl. 19 , fig. 10 ). Pycnodontiform remains of Callovian age have been rarely reported in the literature. For instance, Kriwet (2008) figured an isolated left prearticular of an indeterminate species of Athrodon Sauvage, 1880b, recovered from the Callovian of Falaises des Vaches Noires near Dives-sur-Mer, Calvados, France. Unlike in Grimmenodon, gen. et sp. nov., the prearticular dentition of Athrodon includes more than five rows of circular teeth, which are irregularly arranged and more widely spaced, with the main row being usually less well-differentiated.
The pycnodontiform Mesturus leedsi Woodward, 1895, from the Callovian Peterborough Member (formerly named the Lower Oxford Clay) of Peterborough, Cambridgeshire, England, is known from three-dimensional preserved cranial material (Woodward, 1895 (Woodward, , 1896 . In addition, Wenz (1968) described a three-dimensionally preserved endocranium from the Callovian of Calvados, France, which she tentatively assigned to Mesturus sp. The species Mesturus leedsi exhibits a total number of five prearticular tooth rows, including three regular and two irregularly arranged rows of low and small teeth aligned between the main and the lateral one (Woodward, 1896:pl. 2, fig. 3 ), a character combination that easily distinguishes it from the new taxon described herein.
Thus, it is evident that the prearticular dentition of Grimmenodon aureum, gen. et sp. nov., is distinct from all other known pycnodontiforms in possessing an inconspicuous, anteriorly restricted first lateral row of small subcircular teeth, and a conspicuous large variability of occlusal tooth ornamentation.
Size, Ontogeny, and Tooth Development
The prearticular of Grimmenodon aureum, gen. et sp. nov., is of comparatively small size, suggesting a hypothetical small standard length of the fish of about 7-10 cm at the time of death, when compared with Gyrodus and Proscinetes (Licht, 2009; Licht et al., 2015) . The strong occlusal sculpturing of the teeth is suggestive of an immature ontogenetic stage, because the vomerine and prearticular dentitions of pycnodontiforms usually become worn during ontogeny, resulting in smooth tooth crowns during individual growth at least in the anterior portions of the dentition (see Kriwet, 2005) . Tooth development in pycnodontiform fishes has been discussed in the literature for many years. For instance, Nursall (1996b) proposed that pycnodontiforms formed a single generation of molariform teeth without replacement of individual teeth. Woodward (1893 Woodward ( , 1895 and Thurnmond (1974) suggested that the number of teeth was increased by the addition of larger ones formed posterior to functional teeth simultaneously to caudally directed prearticular and vomer growth, a view supplemented by Longbottom (1984) , who, however, proposed both an anterior and a posterior additional tooth development, in which the anterior teeth were replaced by small, irregularly arranged teeth. More recently, Poyato-Ariza and Wenz (2005) described a non-functional tooth preserved in situ within the posterior part of the prearticular of their new taxon Akromystax tilmachiton from the Late Cretaceous of Lebanon. This tooth was found at an angle of about 90 to the occlusal surface of the corresponding bone, which might indicate a similar mode of tooth development as described in the ginglymodian fish 'Lepidotes' (Peyer, 1954) . Based on the observations obtained from Akromystax tilmachiton, Poyato-Ariza and Wenz (2005) suggested that a formation of posterior additional, non-successional prearticular teeth was possible in pycnodontiform fishes, probably in order to compensate for simultaneous tooth abrasion, which generally first affected anterior teeth and later those positioned in the posterior part of the tooth plate. Similar teeth positioned in occlusally open sockets posterior to functional teeth are commonly present in pycnodontiforms (e.g., Kriwet, 2005: fig. 23 ). The micro-CT-generated transverse slices of Grimmenodon aureum, gen. et sp. nov., undoubtedly reveal the absence of neither non-functional teeth nor developing tooth germs preserved within the prearticular tooth plate. Otherwise, the posterior-most tooth preserved in the main prearticular tooth row in Grimmenodon aureum, gen. et sp. nov., is less elevated and still partially covered by spongy bone, which might suggest that this tooth was not yet fully functional and still developing at the time of death, thus giving further support to the interpretation of additional non-successional tooth development initiated inside the posterior part of the prearticular tooth plate. Assuming this interpretation to be correct, it is conceivable that at this stage of development, the tooth was growing in height while the spongy bone covering of the tooth crown was resorbed, similar to the condition seen in the extant durophagous teleost Anarhichas lupus Linnaeus, 1758 (Bemis and Bemis, 2015) . During further development, the tooth crown could grow in width and length to occupy the available space between adjacent teeth. Given the limited available space, this stage of development was probably occasionally accompanied by a reorientation of the major tooth axes, as suggested by some teeth in the first and second lateral rows. PYCNODONTIFORMES, gen. et sp. indet. (Fig. 4) Referred Material-MV 202615, an isolated tooth crown. Locality and Horizon-Abandoned open-cast clay pit of Grimmen (Mecklenburg-Western Pomerania, Germany); Pleuroceras apyrenum subzone (Pleuroceras spinatum zone, upper Pliensbachian, Early Jurassic) (see Ernst, 1991) .
Description-MV 202615 represents an isolated tooth crown. The specimen is low and oval in occlusal view, with the minor axis being 1.48 times that of the major axis. The occlusal surface shows no apical indentation or ornamentation. There are no signs of breakage at the base of the tooth crown and the lower margin is continuous.
Comparison-The smooth, low oval morphology of MV 202615 is characteristic of pycnodontiform molariform teeth, although this kind of tooth crown morphology also occurs in some ginglymodian fishes (e.g., Jain and Robinson, 1963: pl. 1, fig. 7 ). However, teeth of ginglymodians usually bear a distinct sheath of collar ganoin that embraces the base of the tooth crown and upper part of the associated tooth neck (e.g., Olsen and McCune, 1991) . The collar ganoin in molariform teeth of pycnodontiforms, conversely, is strongly reduced (Kriwet, 2005) , and the teeth usually exhibit a distinct constriction at the crown-root junction. Consequently, pycnodontiform tooth crowns typically remain isolated and devoid of an associated tooth neck when broken off, unlike the condition seen in ginglymodians, where teeth mostly display at least remnants of the tooth neck and base (e.g., Mudroch and Thies, 1996; Cuny et al., 2010; Pouech et al., 2015) . This provides strong support that MV 202615 can be assigned to Pycnodontiformes. The absence of ornamentation in MV 202615 most likely is due to abrasion and prevents more detailed comparisons with other known pycnodontiforms but seems to differentiate it from the new taxon described above. Consequently, MV 202615 is identified here as Pycnodontiformes, gen. et sp. indet.
PALEOBIOGEOGRAPHIC AND ECOLOGICAL IMPLICATIONS
The two fossil specimens described herein represent the first reliable records of pycnodontiform fishes from the late Early Jurassic, complementing previous finds of early representatives of this distinctive group of basal neopterygians, which remain particularly scarce, especially in comparison with the rich and diversified pycnodontiform faunas from the Late Jurassic and Late Cretaceous (Kriwet, 2001a (Kriwet, , 2001b Poyato-Ariza and Mart ın-Abad, 2013) . The material constitutes the northeasternmost records of pycnodontiform fishes from Europe known so far, confirming their presence before and immediately following the onset of the T-OAE in marginal marine ecosystems of the NGB south of the Fennoscandian Shield. However, it has to be mentioned that the fossil specimens also could be allochthonous; therefore, these forms might have inhabited more suitable areas during that time, such as the nearshore lagoonal depositional environments referred to the Baga Formation of Bornholm, Denmark (Koppelhus and Nielsen, 1994) . The almost complete preservation and the lack of substantial signs of erosion seen in the prearticular of Grimmenodon aureum, gen. et sp. nov., at least, argue against an extensive postmortem transport and reworking, providing some support for the interpretation that the new taxon is autochthonous, but more material is needed to test whether Grimmenodon aureum, gen. et sp. nov., formed an obligatory part of the marine vertebrate biota obtained from the lower Toarcian 'Green Series'. Conversely, the herein described indeterminate molariform pycnodontiform tooth crown recovered from the sandy, shallow-marine upper Pliensbachian co-occurred with abundant chondrichthyan remains that have suffered massively from postmortem damage in many places (S.S., pers. observ.), suggesting reworking and redistribution generated by current activities.
The presence of a pycnodontiform fish in the lower Toarcian 'Green Series' vertebrate biota separates it from all other timeequivalent marine vertebrate communities reported from different localities all over Europe (Wenz, 1968; Hauff and Hauff, 1981; Urlichs et al., 1994; Delsate, 1999; Vincent et al., 2013; Hauff et al., 2014; Williams et al., 2015) . This disparity, combined with the interpretation that these localities largely document more open-marine depositional environments, is in good accordance with the interpretation that pycnodontiforms were predominantly linked to marginal marine environments, as inferred from paleobiogeographical and ecomorphological evidence (Nursall, 1996a; Kriwet, 2001a Kriwet, , 2001b Kriwet and Schmitz, 2005; Poyato-Ariza, 2005; Mart ın-Abad and Poyato-Ariza, 2013) . This specific distribution pattern probably can be related to diverse environmental and/or biological constraints (Poyato-Ariza and Mart ın-Abad, 2013), such as swimming capabilities and the availability of preferred food resources, but also to collecting biases.
With regard to the robust molariform dentition seen in the prearticular of Grimmenodon aureum, gen. et sp. nov., this taxon appears to have been well adapted to durophagy, inferring a predominant diet of especially hard food items. Taking into consideration the fossil assemblage recovered from the lower Toarcian 'Green Series', potential food resources for durophagous fish include ammonites, the supposed facultative pseudoplanktonic inoceramid bivalve Pseudomytoloides dubius (Sowerby, 1829) , and the holoplanktonic coelodiscid gastropod Coelodiscus minutes (Sch€ ubler in Zieten, 1830 Zieten, -1833 , as well as crustaceans. In this context, it is interesting to note that the 'Green Series' also yielded remains of the dapediiform neopterygian fish Dapedium Leach, 1822 (Oertel, 1921 S.S., pers. observ.) , which is interpreted as well adapted to durophagy, as seen in the functional morphology of the jaw and tooth morphology (Smithwick, 2015) , but see Thies and Hauff (2011) , who consider Dapedium to be a generalist feeder.
The Early Jurassic neopterygians Lepidotes Agassiz, 1832, and Tetragonolepis Bronn, 1830, which are considered to be at least facultative durophagous based on their dentitions (e.g., Quenstedt, 1847; Woodward, 1897; Thies, 1991) , also are known from the 'Green Series' (Jaekel, 1929; Malzahn, 1963; Thies, 1989; Ansorge, 2007; Zessin and Krempien, 2010) . Although dental evidence is suggestive of ecological niche overlap, the disparity in morphological adaptations in Dapedium, Tetragonolepis, and Lepidotes is likely to have played a role in the foraging mode and, consequently, in the segregation of available food resources. Notwithstanding the fact that the body and fin forms of Grimmenodon aureum, gen. et sp. nov., remain unknown, it is intriguing to note that the deep-bodied and laterally flattened dapediiform fishes Dapedium and Tetragonolepis fall within the general morphospace occupation area of pycnodontiforms (Fig. 5) , which indicates taxa well adapted to maneuvering as well as generalist swimming forms (see Poyato-Ariza, 2005) . Accordingly, based on indirect evidence, it seems reasonable to conclude that Grimmenodon aureum, gen. et sp. nov., was in competition with taxa such as Dapedium and Tetragonolepis and may have used alternative strategies in order to partition food resources and avoid direct competition.
LATE TRIASSIC-EARLY JURASSIC DIVERSITY PATTERNS
The Triassic-Jurassic mass extinction event is one of the 'big five' Phanerozoic extinction events, with a loss of almost 50% of marine genera and significant terrestrial faunal and floral turnover (e.g., Raup and Sepkoski, 1982; Youbi et al., 2014) . The early history of pycnodontiform fishes still is poorly understood, and their diversity patterns across this important biotic event have not been established so far, because many species are in need of revision or must be considered dubious. This is because pycnodontiforms from the Early and Middle Jurassic are rare and mainly represented by isolated vomerine and prearticular dentitions.
Nevertheless, it is evident that pycnodontiforms first appeared in the Late Triassic of central Europe (Kriwet, 2001b) , and three genera and species, Brembodus ridens Tintori, 1981, Gibbodon cenensis Tintori, 1981, and Eomesodon hoeferi (Gorjanovi cKramberger, 1905) , were reported from the upper Norian of the northern Tethys margin. Additional Norian pycnodontiform records of uncertain affinities were reported from epicontinental seas covering Belgium and Luxembourg (Delsate and Kriwet, 2004) . Isolated teeth from the Rhaetian of Grozou, France, described as Gyrodus milinum by Henry (1876) represent teeth of an indeterminate species of the perleidiform fish Colobodus Agassiz, 1844. Therefore, at least three different pycnodontiform taxa occurred prior to the end-Triassic event.
Early Jurassic pycnodontiform records are very rare and restricted to central Europe, coming from few stratigraphic levels. Obviously, the pycnodontiforms Gibbodon and Brembodus vanished before or in conjunction with the Triassic-Jurassic mass extinction event. Only the genus Eomesodon can be considered to have crossed this boundary and is present with a single species, E. liassicus, in the Hettangian-Sinemurian (Saint-Seine, 1949; Gardiner, 1960; Delsate et al., 2002) . The apparent taxonomic diversity reduction in the Early Jurassic supports the supposition that pycnodontiform fishes also were affected by the TriassicJurassic mass extinction event pending further analyses employing rigorous statistical procedures. However, the new pycnodontiform remains described here come from the Pliensbachian and Toarcian and thus increase the standing diversity of pycnodontiforms in the Early Jurassic significantly. When corrected for sample size differences (excluding ambiguous taxa), it is evident that Early Jurassic pycnodontiform fish diversity more or less equaled that of the Late Triassic, taking the poor collection effort and restricted facies occurrences during the Early Jurassic into account. Nevertheless, according to our current knowledge, we hypothesize that pycnodontiform fishes were not or only marginally affected by the Triassic-Jurassic mass extinction event.
By the Middle Jurassic, pycnodontiform fishes seemingly became more abundant and diverse but still are represented mainly by isolated remains of several genera occurring in almost all stratigraphic stages: Bajocian: Gyrodus sp. (Grey-Egerton, 1869); Bathonian: Eomesodon rugulosus, E. trigonus, Coelodus sp., Macromesodon bucklandi, M. bathonicus, M. boloniensis, M. discoides, M. gervaisi, M. oblongus, M. radiatus, M. tenuidens, Proscinetes biseralis, and Stemmatodus sp. (e.g., Agassiz, 1844; Bassani, 1885; Sauvage, 1867 Sauvage, , 1880a Sauvage, , 1880b Woodward, 1890 Woodward, , 1892 Woodward, , 1895 Kriwet et al., 1997) ; and Callovian: Mesturus leedsi, Gyrodus sp., and Athrodon sp. (Woodward, 1895 (Woodward, , 1896 Galton et al., 1980; Rioult and Mourdon, 1982; Kriwet, 2008) . Cavin et al. (2009) described a single right prearticular from the MiddleLate Jurassic of Mab Ching in the Khlong Min Formation, Thailand, which these authors tentatively referred to Gyrodus sp. The taxonomic validity of most of these taxa, however, remains ambiguous for the moment (see also above) but nevertheless indicate a possible increase in diversity and that pycnodontiforms achieved a very wide distribution early in their evolutionary history. More detailed analyses of these remains will provide a better understanding of early pycnodontiform diversity patterns in the future.
CONCLUSIONS
The new Early Jurassic pycnodontiform material shows that their diversity after the Triassic-Jurassic mass extinction seemingly was greater than previously assumed. Unfortunately, however, the fossil record of Early and Middle Jurassic pycnodontiforms is strongly biased towards isolated dental remains that either have not yet been described and taxonomically identified or included in phylogenetic analyses for establishing diversification and radiation events. Therefore, it is not possible to employ robust statistical analyses. The standing diversity (i.e., raw numbers of taxa) of pycnodontiforms continuously increased from the Late Triassic to the Middle Jurassic. All Early Jurassic records are restricted to central Europe and have been recovered from few stratigraphic levels up to now. By the Middle Jurassic, pycnodontiform fishes seemingly became more abundant and taxonomically diverse and also are known from outside Europe. This, however, might not be the result of range extensions in the late Early or Middle Jurassic but most likely is related to collecting biases in the Early Jurassic. Detailed FIGURE 5. Functional morphospace of body and fin morphology defining swimming capacities (modified from Webb, 1984) , as tentatively applied to the 'Green Series' actinopterygian ichthyofauna (1, Saurorhynchus Reis, 1892; 2, Dapedium Leach, 1822; 3, Tetragonolepis Bronn, 1830; 4, Lepidotes Agassiz, 1832; 5, Leptolepis Agassiz, 1832; 6, Pachycormus Agassiz, 1843; data from Thies, 1991; Thies and Waschkewitz, 2015; Konwert and Stumpf, 2017 ; S.S., pers. observ.), with tentative pycnodontiform occupation area (in light gray; adapted from Poyato-Ariza, 2005 
